A comprehensive study of transient ns electroluminescence (EL) spikes that exceed the dc level and μs-long EL tails following a bias pulse in guest-host small molecular organic light-emitting diodes (SMOLEDs), including relatively efficient devices, which elucidates carrier and exciton dynamics in such devices, is presented. The transient EL is strongly dependent, among other parameters, on device materials and structure. At low temperatures, all measured devices, with the exception of Pt octaethylporphyrin (PtOEP)-doped tris(8-hydroxyquinoline) Al (Alq 3 ) SMOLEDs, exhibit the spikes at ~70-300 ns. At room temperature (RT), however, only those with a hole injection barrier, carrier-trapping guest-host emitting layer, and no strong electron-transporting and hole-blocking layer (such as 4,7-diphenyl-1,10-phenanthroline (BPhen)) exhibit strong spikes. These narrow and appear earlier under post-pulse reverse bias. To further elucidate the origin of the spikes, we monitored their dependence on the pulsed bias width and voltage, the doped layer thickness, and its location within the OLED structure. The characteristics of the μs-long tails were also 
INTRODUCTION
Thin film organic light emitting diodes (OLEDs) have advanced dramatically since they were first described. 1 They are comprised of one or multiple organic semiconducting layers, with a total thickness of ~100 nm, sandwiched between two electrodes. They exhibit great promise in various applications such as displays, solid-state lighting, and chemical and biological sensing. [2] [3] [4] [5] [6] [7] However, despite growing interest and applications, fundamental processes that affect device performance, such as carrier transport and recombination, as well as electroluminescence (EL) quenching, in particular following a bias pulse, remain to be understood. In this study, we address these processes in small molecular OLEDs (SMOLEDs), which dominate OLED-based applications.
Most studies that address the above-mentioned processes focus on the behavior under dc voltage, with much less treatment of the transient behavior and its relation to device performance. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Among these studies, other than research concentrated on triplet-triplet annihilation (TTA) in long EL decay processes, 14, 15 only a few transient EL studies on polymer LEDs (PLEDs) [8] [9] [10] and on 4,4'-bis(2,2'-diphenylvinyl)-1,1'-biphenyl (DPVBi)-based possibly provide a novel way to distinguish between energy transfer and charge trapping processes in guest-host systems.
EXPERIMENTAL METHODS
21×21 OLED pixel arrays (pixel diameter ~1.5 mm) were fabricated combinatorially. 21 All depositions were performed in a conventional thermal vacuum evaporation chamber (base pressure ~10 -6 Torr; the organic layers' deposition rate was ~1 Å/s) installed inside a glove box with <20 ppm O 2 . The bias pulses were generated by an Avtech Model AV-1011 power supply with a nominal rise and fall times of ~10 ns. The EL was monitored by a Hamamatsu R6060-02 photomultiplier tube (PMT) with a 50 Ω external load connected to a 350 MHz oscilloscope. For low temperature measurements, the OLED pixels' size was 2×2 mm 2 . The devices were placed in a small chamber with a transparent window on one side. The EL was detected through that window using the PMT. Due to the geometry of the setup the PW in the low-temperature measurements was set to 1 ms to improve detection. As shown in the inset of Fig. 5 , however, the difference in A spike using PWs of 100 μs and 1 ms is modest. Note that there were some variations in A spike from batch to batch, with the overall behavior reproducible.
RESULTS AND DISCUSSION
Following a bias pulse applied to an OLED several processes responsible for the post-pulse EL in fluorescent SMOLEDs occur. 22 These processes include:
(1) EL decay of pre-existing excitons, i.e., those formed during the pulse. This decay process usually takes a few ns for SEs. 11, 23 (2) EL decay of SEs formed during the falling edge of the voltage pulse. Carriers are continuously injected into the device while the voltage is decaying, which in this work lasted for ≤ 50 ns. 24 The decaying external field also continues to drive the pre-existing electrons e -and holes h + from the bulk of the transporting layers into the RZ (which we approximate to coincide with the EML) to form excitons. The EL generated from these excitons, as well as from the pre-existing excitons of (1), results in an EL amplitude similar to that observed during the pulse.
(3) Recombination of initial CCPs (i.e., those present at t ~50 ns after the end of the pulse). Even after the external field decays, charges within the RZ that are Coulombically bound, i.e., CCPs, recombine. The recombination of these charge pairs is believed to generate the EL spikes that are up to > 3 times larger than the on-pulse (dc) EL level. As discussed below, the intriguing strength of these EL spikes is suspected to be due to reduced electric-field-induced dissociative quenching of SEs as the applied field is turned off and the internal field due to the dissipating charge accumulation layers decays. An alternative mechanism, whereby increased CCP generation from holes that have leaked through the RZ, continued to drift toward the cathode, but now turn back toward the RZ in greater numbers due to the absence of an applied field, 22 is most likely marginal in generating the spikes.
(4) Recombination of newly formed CCPs. Detrapped charges originating mostly from host shallow states continue to pair with opposite charges, mostly on guest molecules, to form
CCPs. Due to the relatively slow process of detrapping, the excitons generated from these CCPs yield the observed stretched exponential EL tails that extend over several microseconds.
(5) Decay of SEs formed by TTA. The fusion of the triplets generates additional SEs, whose decay contributes to the transient EL. This process approximates an exponential decay in the long time range. 14 Compared to the EL decay caused by the trapped charges, TTA is not affected by the external electric field due to the charge neutrality of the triplets.
These processes for various materials, device structures, and conditions are discussed in detail in the following sections. We note that OLED displays can have a faster response time than standard LCD screens. While LCDs are capable of a ≤ 1 ms response time offering a frame rate ≥ 1 kHz, OLEDs are advantageous with potential response times < 10 μs (100 kHz refresh rates). However, the transient EL of OLEDs that might include a spike at ~100 ns and tails that extend to several μs (and even ms when triplet-triplet annihilation is non-negligible) present a limitation. This issue becomes increasingly acute as the display size increases.
Moreover, the observed spikes and tails are already a limitation for the OLED-based luminescent biochemical sensing platform, which has been drawing considerable interest. where E HOMO ≈ -5.9 eV. The emission is mainly through direct recombination of CCPs at the dopant molecules, resulting from carrier trapping. 25, 26 As the carriers are driven toward the RZ during the bias pulse, h + are trapped on the energetically preferred sites of the C6 molecules. Although the CCPs will eventually recombine and form excitons, a considerable fraction of them and the resulting excitons could be dissociated by the electric field during the pulse, resulting in EL quenching. Research by other groups has shown that a significant amount of charges will be stored near the RZ under constant bias, causing a high internal electrical field. 27, 28 It has also been shown that this field that induces SE dissociation can reduce the EL by > 60%. 29, 30 After the pulse is turned off there are many remaining CCPs in the RZ due to the holes trapped on the guest molecules. Since the electric field decreases, field-induced dissociative SE quenching is reduced as well, and the flow of h + that have leaked through the RZ toward the cathode and now turn back to the RZ increases. 8, 9 The former process is believed to contribute to the EL spikes sufficiently to result in a spike amplitude that exceeds the on-pulse EL. Newly created CCPs, formed from unpaired, detrapped (mostly host) charges, are believed to contribute only to the EL tails, due to the slow process of detrapping and the larger distance from the RZ. The undoped Alq 3 device, on the other hand, has a much weaker post-pulse EL due to the lack of guest-host-related charge trapping sites and consequently
CCPs. This observation therefore provides additional strong evidence for the charge trapping mechanism in the C6:Alq 3 guest-host system.
As seen in Fig. 1 , the relative spike amplitude A spike (i.e., spike intensity normalized to the on-pulse level) increases when x increases from 0 to 2 nm. This behavior is probably due to the increasing number of guest-induced traps. However, A spike decreases in device A5 in comparison to devices A1 and A2; repeated measurements reproduced this A5 weakened A spike ; in other devices, where the doped layer thickness was farther increased, the spike weakened further. Assuming that during the pulse the carrier density just outside the RZ is not drastically changed when the doped layer thickness increases, in A5 the internal electric field across the RZ is likely lower than in A2, which results in lower field-induced EL quenching during the pulse and hence a relatively lower A spike .
To observe an EL spike, it is also important that excitons do not saturate the CCP sites. Fig. 2 shows A spike vs voltage in devices A1, A2, and A5. As clearly seen, A spike increases with the bias at low voltages, and decreases above ~6.5-7 V. Holes injected from the anode will be either trapped on guest molecules to later form CCPs, or will recombine with e -to form excitons in host or guest molecules. Due to the barrier for h + hopping from α-NPB to Alq 3 , only a relatively small fraction of h + is supplied to the doped layer at low voltage, most of which will be rapidly trapped in the C6 guest molecules. Thus, the spike increases with bias as the trapped h + density in the guest molecules increases. When the bias is high (> ~6.5 V in this case), most of the guest traps are filled, and consequently the trapping rate decreases, while the guest+host exciton formation rates increase. Therefore, the relative amplitude of the spike decreases. This behavior and its analysis are similar (though not identical) to those of DPVBi-based OLEDs.
16,17 barrier between α-NPB (E HOMO ≈ -5.6 eV) and Alq 3 (E HOMO ≈ -5.9 eV) obviously generates a h + accumulation layer at the α-NPB/Alq 3 interface, and therefore the carrier density in the guest-host layer decreases greatly as y increases. 27 Hence, despite the unchanged doped-layer thickness, the carrier density in it, and consequently the CCP formation rate and its contribution to the spikes, decreases from A1-1 to A1-10. Since the contribution of h + that turn back toward the RZ after having drifted beyond it to the spikes should, if anything, increase with y, we conclude that this mechanism's contribution to the spikes is marginal. tails are an intrinsic property of the SMOLEDs that is related to the EML guest-host system, device materials and structure, and carrier injection and transport energy barriers; it is not affected by early-stage ambient (likely humidity)-induced degradation mechanisms.
Effects of the Doped EML Position

Ambient -Induced Degradation
Effects of Pulse Width
Fig . 5 shows the dependence of the on-pulse EL and EL spike intensity on the applied bias pulse width (PW) for an A2 device. No spikes are observed when the PW is below 5 ms.
The spike intensity increases sharply as the PW increases, but beyond 100 ms it saturates.
When the PW increases, the bulk HTL and ETL carrier densities, in addition to the CCP density, increase, resulting in stronger electric field-induced EL quenching, which increases the difference between the EL spike intensity and the on-pulse EL. This behavior is in contrast to that of undoped and
OLEDs, 16, 17 where the normalized spike amplitude decreases beyond a PW of ~100 μs, clearly due to the subtle differences between the EL overshoot mechanisms in the Alq 3 and
DPVBi-based devices. In the latter devices, there is a (modest) spike in the undoped OLEDs as well, and DCM2 traps both h + and e -. 17 In the wide variety of the OLEDs described in this current study, when the PW is long enough for the device to reach a steady state, the relative spike intensity saturates due to the unchanged charge profile within the OLED.
Model Analysis
Based on the experiments described in the previous section and our interpretation of the origin of the EL spikes and tails, a model, accounting for the observations, was developed. As a brief summary, the major processes taken into account following the bias pulse in fluorescent guest-host systems include (i) EL decay of SEs formed during the pulse;
(ii) exciton formation from carriers injected into the RZ during the falling edge of the voltage pulse (i.e., during the 0 -50 ns period following the pulse);
(iii) recombination of initial CCPs (those present at t ~ 50 ns);
(iv) recombination of newly formed CCPs generated from uncorrelated, detrapped carriers at t > 50 ns;
(v) decay of SEs formed from TTA.
In simulating the experimental results, the decay of the pre-existing SEs can be neglected, since their lifetime is < 10 ns. 11, 23 Process (v) was not considered because its contribution is a significant component of the EL tail only at times beyond those monitored in this study. 14, 15 Therefore, the EL spikes and tails were simulated as an exponential decay of SEs formed in processes (ii) -(iv).
The net SE formation rate is given by 22 (1).
The first term of Eq. (1) describes process (ii) in which the injected carriers' profile during the falling edge of the bias is proportional to the injection-limited current density J: The third term in Eq. (1) is attributed to the recombination of detrapped charges. Due to the broad distribution of trap levels in organic materials, 31 the total density of trapped charges is approximated by a stretched exponential, 32, 33 which is often used to describe charge transport and trapping governed by a distribution of relaxation times, in disordered systems (5) is the stretching factor that quantifies the distribution width of the trapping energies, and τ ucc is the characteristic time the carrier remains uncorrelated.
The fourth term in Eq. (1) presents the loss of SEs due to the radiative and various nonradiative decay channels.
By solving Eq. (1), the time-dependent N SE (t) can be expressed as:
where N e = . The first, second, and third terms of Eq. 6 are due to excitons generated from process (ii), (iii) and (iv), respectively. In the second and third terms the t = 0 lower limit of the integrals corresponds to t = 50 ns in the experiments.
Due to the fast decay of the SEs and the recombination of CCPs compared to the detrapping rate, the third term of Eq. (6) can be approximated by the stretched exponential (Eq. (5)). As clearly seen, the model is in good agreement with the observed behavior over the whole observed transient EL period. In particular, the agreement is better than that obtained using a CCP + Langevin recombination model described previously. 17 Fitting Eq. (6) to the observed behavior yields the SE decay time τ SE = 8.7 ns, which is consistent with the C6 radiative lifetime τ rad < 10 ns. 34 The inset of Fig. 6 shows the dependence of and τ ccp on the bias. The fit yields = 4.9, 3.9, and 3.7 nm and τ ccp = 115, 68, 63 ns at 7, 9, and 11 V, respectively, where . The decrease in is obviously due to the increased carrier density and consequently decreased τ ccp , but both level off above ~9 V where 1.01 μs for A0, A2, and A5, respectively, at V = 10 V. This increase in with doped layer thickness is probably due to the longer time needed for the detrapped carriers to find the opposite charges and form an exciton.
Effect of the HIL and ETL/HBL in C6-doped Alq 3 -based devices
The observation of EL spike with an amplitude greater than the on-pulse level is intriguing and elucidating their nature is therefore challenging. In order to further evaluate the above-mentioned model and elucidate the origin of the spikes, additional C6-doped BPhen is a well known ETL/HBL material, [36] while MoO 3 greatly improves hole injection. 37, 38 In comparing the devices shown in Fig. 8 The foregoing results suggest that the mechanism that is likely responsible for EL spikes whose amplitude exceeds the on-pulse intensity is reduced electric field-induced dissociative SE quenching. 29 The high barrier for h + injection in devices with CuPc or no HIL results in a large accumulation of h + at the ITO/α-NPB or ITO/CuPc interface, respectively, when biased.
This high h + density increases the internal field, which dissociatively quenches SEs during the bias pulse. When the bias is turned off, this h + accumulation layer dissipates as the h + diffuse, mostly back to the anode, resulting in much less field-induced SE dissociative quenching. When MoO 3 is used as the HIL, h + injection is greatly improved. This improvement increases the carrier density within the bulk of the organic materials and forces the major accumulation of carriers to occur at the α-NPB/Alq 3 interface. In this way the internal electric field is higher and slower to decay, and consequently continues to suppress the EL after the bias is turned off, and therefore no spike is observed.
The observation that BPhen reduces the spike is probably due to the enhanced e -mobility in that material (~50 times higher than in Alq 3 36 ), which probably reduces h + buildup at the α-NPB/Alq 3 interface and in the RZ.
An alternative mechanism, namely increased fraction of h + that have leaked through the RZ, drift toward the cathode, and then "turn back" toward the RZ, is ruled out as a major contributor to the spikes. This is due to at least two observations: (a) The RT spike is absent from the undoped devices; a significant contribution from h + beyond the RZ that turn back toward it would mandate a significant spike in the undoped devices as well. (b) As mentioned in Sec. 2.1, the contribution of h + that turn back toward the RZ after having drifted beyond it to the spikes should, if anything, increase with y, in sharp contrast to the observed strong decrease in A spike with increasing y (Fig. 3) .
Effect of Post-Pulse Reverse Bias
Fig . 9 shows the transient EL behavior of device A1 under post-pulse reverse and forward bias. When a forward bias is applied, the post-pulse internal electric field is slower to decay as more charges continue to be injected into the RZ, which results in suppression of the EL spike and a much higher emission tail. Under reverse bias, the decay of the internal electric field becomes faster and the spike appears earlier with a weakened tail. This behavior strongly supports the conclusion that the transient EL tail results from trapped charges rather than TTA because, as mentioned, neutral triplets should not be affected by the external field.
Effect of Temperature
Fig . 10 shows the dependence of the EL spikes on the temperature in the 40 to 300 K range. A 1 ms pulse was used to achieve a sufficiently high EL intensity in the low-temperature measurements. As shown in the inset of Fig.5 , the pulse width difference (between 100 μs and 1 ms) does not affect the transient behavior. Both A0 and A1 exhibit strong EL spikes at low temperatures, while only A1 shows an EL spike at room temperature. 39 At low temperatures, carriers are more prone to trapping in shallow traps as well. Their reduced mobility then suggests a much higher charge density within the RZ after the end of the pulse. This should lead to a higher concentration of CCPs and a strong internal electric field during the pulse that quenches the EL, yielding a larger difference between the transient and on-pulse EL; Fig. 10 supports this interpretation.
Transient EL in Other SMOLEDs
The transient EL behavior was studied in other efficient SMOLEDs of different materials. guest-host system is dominated by strong energy transfer, 40 and the long radiative decay time of this phosphorescent molecule is τ rad ~ 100 μs. In contrast, the emission mechanisms of the Ir(ppy) 3 -and rubrene-doped devices are both known to originate from charge trapping. 40, 41 Note that the spikes in the rubrene-doped devices are stronger than those in the C6-and Ir(ppy) 3 -doped SMOLEDs. This behavior supports the CCP model since it is well known that rubrene is a stronger h + trap in Alq 3 . Hence, the EL spikes appear to be a reliable and easily measurable phenomenon to identify the main emitting mechanism in guest-host OLEDs.
CONCLUSIONS
In conclusion, following a bias pulse, ITO/CuPc/α-NPB/C6-doped (a) and A1 (b) at temperatures 40≤T≤300 K. The applied bias PW was 1 ms to achieve a high enough EL intensity with the low temperature measurements set-up. nm long-pass filter at RT, 7 V, 100 μs pulse and 20 K, 24 V, 1 ms pulse, respectively.
